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Abstract

Arsenic is a metal with strong impact on the aquatic environment but its effects 
on marine fish immunity is little known. In this study, we have evaluated the regulation 
in the expression of genes encoding important acute-phase proteins (ceruloplasmin, 
transferrin and vitellogenin), antimicrobial peptides (b-defensin, hepcidin and histone 
2B) and apoptosis (caspases 3, 8 and 9) in the skin, liver and head-kidney (HK) of the 
marine gilthead seabream (Sparus aurata L.) after waterborne As acute exposure for 
2 or 10 days. Ceruloplasmin and vitellogenin transcription was significantly increased 
at 2 days on skin whilst the transferrin gene was down-regulated in HK and skin after 
2 and 10 days, respectively. Concerning the antimicrobial peptides, b-defensin and 
hepcidin were firstly up-regulated in the HK and later they were up-regulated in the 
skin as well as the histone 2B gene. Finally, apoptosis was induced in all the tissues after 
As-exposure as indicated by the up-regulation of caspase genes. The data obtained 
provide an approach for elucidating the different molecular mechanisms induced by 
arsenic toxicity in marine fish. 

ABBREVIATIONS
As: Arsenic; APPs: Acute-Phase Proteins; AMPs: Antimicrobial 

Peptides; bd: Beta-Defensin; Cd: Cadmium; cDNA: Complementary 
Deoxyribonucleic Acid; Cp: Ceruloplasmin; casp: Caspase; ef1a: 
Elongation Factor 1-Alpha; hamp: Hepcidin; h2b: Histone 2b; 
HK: Head-Kidney; mRNA: Messenger Ribonucleic Acid; PCR: 
Polymerase Chain Reaction; Tf: Transferrin; Vg: Vitellogenin.

INTRODUCTION
Arsenic (As) is a naturally occurring element found in soil, air 

and water [1,2]. The most toxicologically potent As compounds 
are inorganic and concretely in the trivalent oxidation state [3]. 
Most studies to understand the toxicity of As compounds were 
performed in mammals and is associated with liver, lung and skin 
cancers in humans [4]. In addition, As induces oxidative stress [5] 
and apoptosis [6] among other effects. However, less is known 
about other organisms and, for example, very little is known 
about the As toxicity in fish biology. The in vitro mechanism of 
As induced toxicity in fish cell lines (oxidative stress, disruption 
of mitochondrial potential, apoptosis, etc.) is similar to that 
observed in mammalian cell lines [7]. In addition, in vivo studies 
reveal that As caused different histopathological alterations in 
several tissues as well as alterations of the immune response in 
fish [8–11]. Focusing on the fish immune response, the scarce 

available information points to macrophages as the main targets 
for As-toxicity [12,13].  However, other fish immune aspects 
have been ignored. For example, acute-phase proteins (APPs) are 
a key component of the innate immune system in teleosts and 
used as inflammation indicators [14]. In this way, among them, 
transferrin (Tf) and ceruloplasmin (Cp) are vital [15], whilst 
others such as vitellogenin (Vg) have recently been suggested 
with a potential role as acute-phase proteins and microbial 
peptides [16,17]. During the last years, study of the abundance 
and role of fish antimicrobial peptides (AMPs) has attracted the 
interest of researchers due to the great role they play in the fish 
innate immune response, and they can be perturbed by As [8].

Since very little is known about the specific effects of As at 
molecular levels on fish, this paper describes, for the first time, 
inflammatory and apoptotic effects of waterborne As-exposure 
in the expression of different genes in the liver, head-kidney 
and skin of gilthead seabream (Sparus aurata). Selected genes 
were grouped into three categories: acute-phase proteins 
(ceruloplasmin (cp), transferrin (tf) and vitellogenin (vg)), 
antimicrobial peptides (β-defensin (bd), hepcidin (hamp) and 
histone H2B (h2b)) and apoptosis cell-death (caspase-3, -8 and 
-9 (casp3, 8 and 9)], all relating to the immunity. We aimed 
to evaluate if the presence of As into the water is capable to 
modulate gene expression in the gilthead seabream, especially in 
inflammatory and apoptotic processes.
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MATERIALS AND METHODS
Fish, arsenic exposure and sampling

Twenty-four specimens (41.5 ± 18.1 g body weight and 13.7 
± 2.6 cm body-length) of gilthead seabream (Sparus  aurata L.), 
obtained from Doramenor Acuicultura S.L. (Murcia, Spain), were 
kept in two separate seawater aquaria (250 L). The water was 
maintained at 20 ± 2°C with a flow rate of 900 l h-1 in closed 
recirculating system, and 28‰ salinity. The photoperiod was of 
12 h light: 12 h dark and fish fed with a commercial pellet diet 
(Skretting, Spain) at a rate of 2% body weight day-1. 

Fish were unexposed (control) or exposed to waterborne 
arsenic by adding 5µM As2O3 (Fluka Analytical) into the tank 
water. Six fish per tank and group were sampled after 2 and 10 
days of exposition. Fish were starved for 24 h prior to sampling 
and sacrificed by an overdose of MS222 (Sandoz, Spain, 100 mg 
ml-1 water) [18]. Tissue fragments of skin; liver and head-kidney 
(HK) were obtained and immediately frozen in TRIzol Reagent 
(Life Technologies) for later RNA isolation. All experimental 
protocols were approved by the Bioethical Committee of the 
University of Murcia.

Real-time PCR 

Relative gene expression was analysed in six fish per 
treatment using real-time PCR and the 2−ΔΔCT method [19]. Liver, 
head-kidney and skin RNA was extracted with TRIzol reagent (Life 
Technologies) following manufacturer’s instructions, quantified 
and the purity assessed by spectrophotometry; the 260:280 ratios 
were 1.8-2.0. The RNA was then treated with DNase I (Promega) 
to remove genomic DNA contamination. Complementary DNA 
(cDNA) was synthesized from 1 μg of total mRNA using the 
SuperScript III reverse transcriptase (Life Technologies) with 
an oligo-dT18 primer. The expression of ten selected genes was 
analyzed by real-time PCR, which was performed with an ABI 
PRISM 7500 instrument (Applied Biosystems) using SYBR Green 
PCR Core Reagents (Applied Biosystems). Reaction mixtures 

(containing 10 μl of 2xSYBR Green supermix, 5 μl of primers 
(0.6 μM each) and 5 μl of cDNA template) were incubated for 10 
min at 95ºC, followed by 40 cycles of 15 s at 95ºC, 1 min at 60ºC, 
and finally 15 s at 95ºC, 1 min at 60ºC and 15 s at 95ºC. For each 
mRNA, gene expression was corrected by the elongation factor 
1-alpha (ef1a) content in each sample. The primers used are 
shown in (Table 1) and every product size is between 90 and 120 
bp according to the design of the primers. In all cases, each PCR 
was performed with triplicate samples.

Statistical analysis

Data are expressed as fold increase (mean ± standard error, 
SE), obtained by dividing each sample value by the mean control 
value at the same sampling time. Values higher than 1 express 
an increase while values lower than 1 express a decrease in the 
indicated gene. Data were statistically analysed by the t-Student 
test using SPSS 19 to determine differences between unexposed 
and exposed groups. Differences were considered statistically 
significant when p≤0.05.

RESULTS AND DISCUSSION
The expression of the genes encoding positive acute-phase 

proteins, cp and vg [15], was significantly increased in skin and 
remained unaltered in head-kidney and liver in fish exposed to As 
for 2 days (Figure 1). Nevertheless, the putative APP, tf  [16,17], 
gene expression was significantly decreased in HK and skin after 
2 and 10 days of exposure, respectively. The most significant 
changes were found in skin, whilst no significant changes were 
observed in the expression of APP genes in the liver from As-
exposed fish compared to gene expression in control specimens 
(Figure 1).

Regarding genes encoding AMPs (bd, hamp and h2b), a non-
significant increase was found in liver whereas bd and hamp 
expression showed a significant increase in HK after 2 days of 
As exposure (Figure 2). However, all the AMP genes were up-

Gene Abbreviation GenBank ID Primer sequence (5 → 3)

Elongation factor 1-alpha ef1a AF184170 F: CTGTCAAGGAAATCCGTCGT
R: TGACCTGAGCGTTGAAGTTG

Ceruloplasmin cp FM145678 F: GATAAGGCGGGTGGGTTTAT
R: GGTGTTCCATATCGGCTGTT

Transferrin tf FM158209 F: CAGGACCAGCAGACCAAGTT
R: TGGTGGAGTCCTTGAAGAGG

Vitellogenin vg JF309047 F: ATGTCGACCTGTACCCCAAG
R: TTGCCTGCAGGATGATGATA

β-defensin bd AF210428 F: CCCCAGTCTGAGTGGAGTGT
R: AATGAGACACGCAGCACAAG

Hepcidin hamp CB184616 F: GCCATCGTGCTCACCTTTAT
R: CTGTTGCCATACCCCATCTT

Histone H2B h2b AM953480 F: AGACGGTCAAAGCACCAAAG
R: AGTTCATGATGCCCATAGCC

Caspase 8 casp8 AM975716 F: GAACAGGGAGGTCAGCAAAG
R: ACACACGCTTGAGGACGAG

Caspase 9 casp9 AM959613 F: ATAGTTGCCGTCTCGCTCAC
R: TCACGAGATTGCTCCTGTTG

Caspase 3 casp3 EU722334 F: CTGATCTGGATGGAGGCATT
R: AGTAGTAGCCTGGGGCTGTG

Table 1: Oligonucleotide primers used for real-time PCR.
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regulated in the skin at 10 days of fish exposition being the 
greatest differences found for bd and hamp (Figure 2).

Finally, the expression of genes involved in apoptosis cell 
death seems to play a special role in As toxicity. Two different 
initiator apoptosis caspase genes (casp8 and casp9) and an 
executioner apoptotic caspase (casp3) were analyzed. Initiator 
casp8 gene expression showed a significant increase at 2 days 
in liver and HK, whilst initiator casp9 gene expression was up-
regulated in skin of As-exposed fish (Figure 3). casp9 and casp3 
transcription was down-regulated at 2 days of As exposure in 
liver and skin, respectively. Strikingly, executioner apoptosis 
casp3 expression was statistically significant up-regulated in 
liver, HK and skin after 10 days of exposure (Figure 3).

Previous results obtained after As-exposure in the 
gilthead seabream demonstrated histopathological and 
immunotoxicological effects including increase of hepato-
somatic index, liver bioaccumulation, inflammation and cellular 
vacuolization and apoptotic processes as well as increase in the 
phagocyte-related immune function in the HK leucocytes [13]. 
All this led us to investigate the expression of genes related to 
aspects such as inflammation, immune defence and apoptosis in 
the liver and HK of gilthead seabream exposed to As. In addition, 
the skin was chosen in the present work because this organ is an 
essential protective barrier in innate immune system of fish [20] 
and the most exposed, and first, to waterborne As. 

Therefore, different genes were selected to verify the immune 
status and apoptotic processes at molecular level in Sparus 
aurata. We selected the acute-phase protein genes cp, tf and vg as 
inflammatory and stress indicators for the presence of As in the 
water, synthesized in liver and expressed in fish HK [14] and also 
in fish skin [21]. Three antimicrobial peptide genes (bd, hamp 
and h2b) were selected as innate immune system indicators [22]. 
To our knowledge, these two aspects have never been evaluated 
in fish exposed to As. Furthermore, it has been demonstrated 
that As promotes apoptosis in fish both in vitro [7] and in vivo 
[23]. Taking this into account, we chose three genes involved in 

the apoptotic pathway, two initiator caspase genes (casp8 and 
casp9), and an executioner apoptotic caspase gene (casp3) [24].

Regarding acute phase response, it was reported that As 
induced the expression of stress-related genes [5]. Transferrin is 
considered a negative acute protein in mammals [14]. However, 
in other study, it was demonstrated that is a positive acute 
phase protein [21,25] and antimicrobial capacity has also been 
associated to transferrin in fish [26]. Moreover, transferrin 
and ceruloplasmin are two of the most important APPs [15,27]
which act on iron homeostasis processes in order to increase 
iron storage to make it unavailable for bacterial growth [28]. Our 
results in tf and cp gene expression showed no changes in liver 
but significantly increased in skin after 2 days of As-exposure, 
suggesting that it may be due to skin inflammation and/or stress. 
This also occurs with vg which is also considered an APP [16] 
and is expressed in fish skin [21]. All these data demonstrate 
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Figure 1 Expression of genes encoding acute-phase proteins 
(ceruloplasmin, cp; transferrin, tf; and vitellogenin, vg) determined 
by real-time PCR in liver, head-kidney and skin of gilthead seabream 
after 2 (white bars) and 10 (black bars) days of waterborne exposure 
to 5 µM arsenic. The bars represent the means ± SEM (n=6) fold 
increase relative to control. Asterisks denote significant differences 
when p≤0.05 between unexposed and As-exposed groups.
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Figure 2 Expression of genes encoding antimicrobial peptides (beta-
defensin, bd; hepcidin, hamp; and histone H2B, h2b) determined by 
real-time PCR in liver, head-kidney and skin of gilthead seabream 
after 2 (white bars) and 10 (black bars) days of waterborne exposure 
to 5 µM arsenic. The bars represent the means ± SEM (n=6) fold 
increase relative to control. Asterisks denote significant differences 
when p≤0.05 between unexposed and As-exposed groups.
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Figure 3 Expression of genes involved in apoptosis (caspase-8, 
casp8; caspase-9, casp9; and caspase-3, casp3) determined by real-
time PCR in liver, head-kidney and skin of gilthead seabream after 2 
(white bars) and 10 (black bars) days of waterborne exposure to 5 
µM arsenic. The bars represent the means ± SEM (n=6) fold increase 
relative to control. Asterisks denote significant differences when 
p≤0.05 between unexposed and As-exposed groups.
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that acute As-exposure increases APP gene expression mainly 
in gilthead seabream skin suggesting inflammation in the most 
exposed tissue.

Discover of the AMP function in the immune response include 
the most typical of direct lytic activity against pathogens, but also 
other important functions such as mediators of inflammation 
and its modulation [29]. It is well-known that β-defensin is an 
AMP gene synthesized in HK leucocytes and mostly expressed 
in fish skin, including the seabream [30]. According to this 
work, our results show up-regulation in HK after 2 days of 
As-exposure, which could be indicative of its synthesis by As-
activated phagocytes [13] and later recruitment of these cells to 
the skin, the tissue in which AMP genes are overexpressed after 
10 days. Interestingly, hamp and h2b, also considered AMP in 
fish [29,31] are up-regulated at the same time of As-exposition in 
HK and skin, respectively. These findings could indicate that As-
induced expression of AMP genes in the skin could be due to the 
recruitment of phagocytes from the head-kidney but also the up-
regulation in skin-resident leucocytes since bd and hamp genes 
are highly expressed in the skin of naïve seabream specimens 
[29,30]. Moreover, it has been recently demonstrated that As-
exposure causes loss of gap junction [32], which could alter the 
permeability in the skin barrier of fish allowing pathogen entry 
with the consequent immune response though new molecular 
and cellular studies are needed to confirm this hypothesis in fish.

Last but not least, apoptosis or programmed cell-death 
caspase-dependent pathway is executed by caspase-3 after 
stress cell or damage [33]. Regarding fish, it was reported that 
As induces apoptosis in liver and HK macrophages of catfish 
[23,34]. Based on these data and considering previous studies at 
cellular level in Sparus aurata [13], we analysed casp8, casp9 and 
casp3 gene expression in liver, HK and skin. Interestingly, only 
executioner apoptotic caspase, casp3, was up-regulated after 
10 days of As-exposure in the three organs. A recent research 
demonstrated that Cd-exposure induces apoptosis through 
caspase-3 activation in red common carp [35]. Moreover, 
specifically with As-exposure, liver and HK apoptotic cells 
were detected by the caspase-3 activation pathway [10,23], as 
occurred in the present study. However, apoptotic processes in 
fish skin are poorly understood [36], and these results suggest 
an apoptotic effect by caspase-dependent pathway due to up-
regulation of casp3 expression after 10 days of As-exposure, 
although further research is needed to conclude the apoptotic 
molecular pathway induced by As-exposure.

CONCLUSION
The present study reveals alterations in the expression of 

genes related to acute-phase proteins, antimicrobial peptides and 
apoptosis cell death after As-exposure in the gilthead seabream, 
especially in the skin, suggesting inflammation and cell death. 
Moreover, this research describes the potential function of the 
skin as an important source of APPs and AMPs. Last, apoptotic 
processes observed at cellular level in liver by previous studies 
[13] are now also confirmed at genetic level. These data throw 
some light into the toxicological mechanisms involved in the As 
toxicity in fish and reveal the importance of the skin, aspect that 
has never been considered before in fish.
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